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ABSTRACT 


Model tests were run in beam seas, both regular and 
irregular, with transverse drift velocities of 0 and 2.03 
knots (full scale) to determine if drifting has any effect 
on the roll response of a ship. Wave heights at three 
points around the model were measured and a comparison 
between the vertical midships bending moment in beam and 
head seas was made. The regular sea results are presented 
as response amplitude operators, while the random sea 
results are given in spectral density form. 


The roll response in the region of roll resonance for 
the drifting case shows considerable attenuation, and a 
total reduction in significant roll was noticed in the 30 
knot sea state test. It is believed that this roll atten- 
uation is primarily a result of increased apparent damping. 
Further tests, especially in the higher sea states, are 
necessary because the narrowness of the towing tank used 
for this series of tests may have compromised the results. 
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INTRODUCTION 


Whenever a storm occurs at sea, the usual practice 
Boe ships Caught in 1 1S to turm their bows into the pre- 
dominant wind and sea components and heave to or maintain 
a small amount of headway. In this condition a ship is in 
no great danger of rolling over, but there is a distinct 
possibility that she may break in half because of the 
excessive vertical bending moment generated in this condi- 
tion. The guestion arises of what would happen if the ship 
were to drift with the wind and seas with her beam facing 
the weather, whether by accident (machinery breakdown) or 
on purpose? Would the seas necessarily roll the ship past 
her stability range, or because she was drifting would the 


roll be alleviated? 


It 1s the purpose of this project to determine if 
there is any Significant reduction in the roll response of 
a ship drifting beam to weather as a result of the wind 
when compared to the response of a ship with her beam to 
weather with a zero drift velocity. Also to be compared 
are the magnitudes of the vertical bending moments generated 


by head and beam seas. This is done to verify the predic- 


_ tion that the bending moment will be much less in beam seas. 


The tests will be run in regular seas with both zero 
Memeist velocity and a drift velocity of 2.03 knots (full 
scale) to obtain response amplitude operators. Then the 


same two conditions (zero and 2.03 knot drift) will be run 


Mipiiregquilar Seao.  IhCescdesumeccn eG De USed are Of the 
form of Pierson-Maskowitz sea states and COnoe Ceon mule 


following wind velocaties: 20, 25 and 30 knots. 


10 
MODEL PREPARATION 


The hull used is a fibreglass shell model of the 
American Racer, a high speed cargo liner operated by United 
States Lines. The model is split in half at the midships 
section, and the two parts are joined by a flexure bar. 
This setup, along with suitable instrumentation, permits 


the measurement of vertical bending moments. 


The primary modification to the model for this series 
of tests consisted of fitting a roll bearing to the hull. 
An ordinary pitch bearing was used except that the entire 
bearing was mounted so that its axis was rotated 90° from 
its usual position. It was also desired to superimpose 
the axis of the pitch eee On the roll axis of the model 
to eliminate as much as practicable any outside forces on 
the hull as it rolled. To accomplish this the roll bearing 
axis was mounted on the longitudinal centerline of the ship 
meee same level as the waterline. For small angles of 
roll (<10°) the roll axis of the ship would be located 
there, and it was assumed that for this experiment that 


location for the bearing would give satisfactory results. 


Since roll can be affected by pitching motions, a 


. 
a 


result of port and starboard asymmetry when the ship is at 
some particular roll angle, it was decided to include 
pitch as one of the degrees of freedom along with roll and 


heaye. Additionally, if the model was not free to pitch, 


11 
Spurious bending moment readings would result since the hull 


is asymmetric fore and aft. Also the dynamic component of 
the bending moment could not be measured if that were the 


Case. 


To eliminate as much as possible the above problems 
a pitch bearing was mounted on the top of the roll bearing 
with the heave rod fitting into the socket of the pitch 
bearing. Although the pitch bearing axis was located at 
deck level, it was felt that this location shouldn't affect 
the roll and bending moment data anywhere nearly as much as 


if the pitch bearing was eliminated. 


Since a pitch bearing was fitted,it was necessary to 
scale the longitudinal moment of inertia of the model so 
that the pitch period is scaled correctly. The procedure 
followed to achieve this is a standard one and can be 


found in Reference l. 


Because the primary object of the experiment was to 
measure the roll, it was imperative that the roll period be 
scaled. This was done by first determining what the roll 
period of the model should be (see Appendix "D"). Then the 
model was attached to the er Carriage, and given an 
impulse excitation to start it rolling. The damped roll 
period wae measured and compared to the approximate theo- 
retical period. Ballast was then shifted until the actual 


roll period matched the calculated one to an acceptable 


12 
degree. Because weights were moved to correct the roll 


period, the pitch period was checked and found to be in 
error. An iterative process of shifting ballast and re- 
checking the pitch and roll periods then shifting ballast 
pecan, e€tc., £ollowed until both matehed ghe required 


periods, within experimental limitations. 


Scaling the roll period eliminated the possibility of 
having a deckhouse to keep the instruments dry. The weight 
of the deckhouse so high in the model would have increased 
the roll period to an unacceptable value so a plastic 
garbage bag was used to seal off the instrument area from 
the water. ne Bee was also made necessary because any deck- 
house high enough to keep water out of the model would have 
hit the heave rod when any appreciable roll angle was 
encountered. The bag was flexible and light enough so that 
it did not affect the motion of the model in any significant 


Manner. 


As mentioned earlier, the model was segmented amidships 
and fitted with a bending moment dynamometer. The details 
of this setup can be found in Reference 2, but a few points 


! 


are worth mentioning. 


« 
— 


‘In Reference 2 Sellars and Goda mention that the axis 
of the pitch bearing should be at the same height as the 
flexure bar to eliminate any bending moment arising from 


the towing force. In this series of tests that problem is 


not present because towing the model.sideways will not pro- 
duce any vertical bending moment, and even when the model is 
being towed into head seas later in the testing, its speed 


is too low to create any problems. 


Also the bending moment dynamometer assembly being so 
heavy severely restricted the ballasting of the model. 
It made ballasting to satisfy the pitch and roll period 
requirements extremely difficult, and hampered the cali- 
bration of the bending moment transducer (see page 34 ), 
Unfortunately such a heavy assembly is necessary so that 
the bending moment transducers are mounted on aS rigid a 


foundation as possible (Ref. 2). 
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MODEL AND TANK INSTRUMENTATION 


Roll angle was measured by a rotary variable differ- 
ential transformer attached to the roll bearing. A San- 
born carrier preamplifier provided an excitation voltage 
for the transformer and amplified or attenuated the return 
Signal from the transducer before feeding it to the six- 
channel chart recorder and the Hagimnaede tape recorder. 

Since the anticipated roll angles were to be mucn greater 
than the usual pitch angles encountered,, it was found 

that the signal from the roll transducer was so great that 

a Sanborn Linearsyn 595DT-025BM attenuation circuit had to 
be inserted between the transducer and the carrier preampli-~ 
fier to achieve the desired input amplitude to the recording 


mast rumentcs. 


Heave measurements were made by a linear variable 
differential transformer connected to the heave rod assem- 
Bly. EXCitation, Signal amplification, and signal record- 
ing were accomplished iif the same manner as for the roll 
bearing, except that the additional attenuation circuit 


Was not needed. 


Parallel wire resistance wave probes were used to 
measure the wave height at three different points around 
the model (see Appendix C). Because the probe wire sup- 


ports were streamlined and the resistance wires very thin, 


es. 


the waves created by the moving probe and interference 
with the sea state were considered very small and thus 
neglected. All three probes used circuitry identical to 


that of the heavebearing. 


Two methods for measuring the vertical midships bend- 
ing moment were available in the model used - a linear 
Variable Se eeoreneial transformer mounted on the end of a 
lever arm, and strain gages bonded to the flexure bar 
connecting the two parts of the hull. Measurements using 
both transducers were desired as a check on the instruments, 
but the strain gages were inoperative. No method of excita- 
tion and amplification tried would produce an output even 
under extreme bending conditions. The strain gages 
probably became detached from the flexure bar or some wires 
may have parted or shorted out, and since the strain gage 
assembly was sealed by the manufacturer, no attempt was 
made to repair them. The linear differential transducer 
proved to be successful when connected to a carrier pre- 
amplifier, except that it did not produce as large an out- 


put as was desired. 
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EXPERIMENTAL PROCEDURE 


The first part of the experiment entailed the cali- 
bration of all the instruments. The roll bearing was first 
zeroed and calibrated using a protractor designed for that 
purpose. Then the bearing was put in the model, and with 
the model attached to the heave rod, the zero point and 
calibration were checked by rolling the model to known 
angles by hand with the aid of another special protractor. 
In all cases the calibration done in the model and the 
calibration done with the protractor agreed. It was 
thought that the wiring from the carriage to the instrumen- 


tation room would affect the reading, but it did not. 


Before the wave probe calibration began,-all the 
probe wires were thoroughly cleaned with an Mer oeen de- 
greasing compound. Then they were Sienoed to the carriage 
at their respective locations and calibrated by loosening the 
Clamps and moving the entire probe up and down in the 


water. 


Calibration of the heave rod followed. In this case 
mezerO point was determined by connecting the heave rod to« 
eae model floating in calm water; then a zero point was 
obtained by moving the linear transformer casing along the 
fuanslormer core until no signal came out of the trans- 
ducer. The heave rod was calibrated the same way - by 


dey 


moving the transformer casing instead of the core 


which was attached to the. model connecting rod assembly. 


The bending moment dynamometer calibration proved to 
be the most involved calibration procedure. To calibrate 
it, the model was placed in the water with two weights 
placed on the roll bearing mounting plate. These two 
weights Bj haseeaa the weight of the heave rod, connect- 
ing bar and bearing assembly in the simulated test condi- 
tion. The instruments were zeroed in the test condition 
and then known bending moments were applied by moving the 
weights a Seen a known distance from their position on the 
mounting plate. This enabled a calibration of the bending 
moment differential transformer. For an illustration of 


this technique see page 3 4. 


The calibration of all instruments was checked about 
half-way through the testing period and again at the end 
to see if any change had occurred. The wave probes were 


also cleaned again at the half-way point. 


Waves both regular and irregular were generated by a 
paddle type wavemaker at one end of the tank. Command Sig- 
nals for the regular seas were generated by a low-frequency 
sine ave oscillator while the sea state commands came 
from a magnetic tape. The command signals coming from the 
tape recorder had to be fed ime = Krohn-Hite pand-pass 


filter before going to the wavemaker because "spikes" in 


18 
the tape would cause the paddle to slam in any other 


case. 


The regular seas tests were run in waves with an h/A* 
equal to 1/100 and wave lengths ranging from 6.0 to 17.0 
feet. Because the tank is only 48" deep, shallow water 
effects were taken into account when EOE ak Cine input 
frequency for the longer wave lengths. To achieve the 
proper wave height the wavemaker was run without the model 
in the tank and the wavemaker potentiometer settings 
noted. For the actual tests with the model in the tank, 
the potentiometer was set at the various predetermined 
values for the different i's. The potentiometer settings 
were checked before each set of runs, if the sets were run 
of different days, to insure that the wave heights were 


always correct. 


The two model speeds used in these tests were 0 and 
0.207 knots (2.03 knots full scale). Ideally for each sea 
state a different drift speed should have been used 
Since wind-induced drift was being simulated, but the 
Mowest Linite speed of the towing carriage was 0.207 knots. 
This speed might have been a little too fast for the less 
severe sea states, but it approximated a drift speed 


closely enough to make the tests valid. 


For the actual test the model was positioned about 
half-way down the tank for the zero velocity case and the 


*h = wave height, X = wave length 


Lg 


fev enaicer was run until the model and wave responses 
reached steady state and about 30 Beconds OF valid data 
was recorded on the chart paper. The same technique was 
Followed for the drifting case. Between all test runs 
enough time was allowed to enable the surface of the tank 


to become completely calm. 


The ode was also tested in irregular seas with the 
Pierson-Moskowitz 20, 25 and 30 knot sea states being 
used (Reference 3). The sea states were produced by a 
process of filtering a white noise spectrum to obtain the 
desired Pierson-Moskowitz spectra (Reference 4), and the 
resulting wave record was put on magnetic tape. The proper 
wavemaker potentiometer settings for the sea states were 
obtained in the same manner as they were for regular seas. 
In this case a Sine wave of a height equal to that of the 
H's OP meemocams cave Mnccm CONSICdcEatton Was pul besore 
each sea state record on the magnetic tape. This sine wave 
was played into the tank for each irregular sea and its 
height adjusted until it was scaled properly. The same pre- 
cautions were taken with the irregular sea potentiometer 


> 


settings as with the regular seas. 


The’ irregular sea runs were done in a manner similar to 
the regular sea runs. For the zero velocity condition, the 


model was again positioned about one-half the way down the 
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tank with data being taken for two-minute intervals 
separated by enough time to let the tank calm down. It 
was hoped that this technique would prevent the build-up 


@eeccansverse and reflected waves in the tank. 


The test program can be found in Appendix E. An 
attempt was made to test the model in 35 knot beam seas 
Pmiccstne Nagher sea states were of primary concern in 
this project. When tried, the 35 knot sea state jarred the 
model and carriage so much that the heave rods were jarred 
loose from their supports. It was decided to terminate 
the experiment before any serious damage was done to the 
heave rod assembly. The reason for the separate run for 
heave and bending moment measurements was that there were 
only four carrier preamplifiers available, aa they were 


all being used to measure wave heights and roll. 


The data on magnetic tape was Ae isized quiGustoUdea@im 
computer cards using the M.I.T. Mechanical Engineering 
Department's analog-to-digital conversion routine and the 
EAI 680 and IBM 1130 computers. The digitizing rate was 
selected as 10 cps model scale or 1.02 cps full scale to 
insure that all significant response frequencies were 
included. The resulting data was spectrally analyzed (Ref- 
erence 5) at the M.I.T. computation facility and presented 


ma draphical form. 
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RESULTS AND DISCUSSION OF RESULTS 


The results of the experiment can be found in 
Appendices F and G. All values in the table and plots 
imply peak-to-peak motions, i.e., wave heights, and roll 


from one side to the other. 


Looking at the response amplitude operator curves for 
moll, it is aent that there is significant reduction 
in the roll response in the region around the natural 
“period of roll (w = 0.427 rad./sec..) for the drifting case. 
The reduction of the roll response in this manner was the 
moped for résult. There are two unusual aspects of these 
response operators though - the rise at short wavelengths 
and the dip below one on the right side of the resonant 
peak. Since roll is rather highly tuned to its natural 
frequency, it would be expected that the curve would fall 
rapidly to zero in the shorter wave region, and fall 
smoothly to one without dropping below that value for 
the longer waves. One possible explanation is that the heave 
and pitch motions eee with the roll tend to modify the 
expected second order response curve into the present shape. 
The slight hump in the region of X = 6 feet could be a 
result of the pitching and heaving Geer Gn eo. When 
the ship has a roll angle it no longer has port and star- 


board symmetry, and the pitching and heaving motions could 
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excite roll. This effect could be very influential in 
waves of the same £Lrequency as the aS aeStieal heave or 
pitch freguency since the model has its shorter dimension 
parallel to the motion of the waves. For this particular 
model the natural heave response occurs around the 5 to 6 
foot wave lengths, the location of the secondary roll peak. 
This coupled system could also be the cause of the dip 
below one in the region above resonance. These secondary 
effects were not as noticeable in the drifting case, and 
this along with the fact that the resonance peak flattened 
out would seem to indicate that additional damping was 


present in this situation. 


The irregular seas data produced some interesting 
results also. First of all it was found that the signifi- 
cant heights of the waves measured in the tank especially 
at the bow and wake probe positions were significantly 
greater than the significant heights of the ideal Pierson- 
Moskowitz spectra. This appears to be a result of waves 
reflecting back and forth between the model and the wave- 
Maker paddle. Tank tests are usually not bothered with 
this problem, but in this series of tests the model 
mounted across the tank could have acted as a wave reflector 
and filter and produced the effects. The increase in sig- 


nificant height appears to be too great to be caused by 


Pe 
the heave and roll damping waves. In addition, it was 


observed during one of the tests in regular seas, that when 
the wavemaker was inadvertently left on for a period of 
about three minutes, the roll angle started to rise above 
its steady state value, a possible indicator of the build- 


mp OL reflected waves. 


As far as the reduction in roll is concerned, the 30 
knot sea state runs were the only ones which supported the 
hypothesis. In all other cases the drifting roll effect- 
ively remained the same as the zero drift roll; however, 
in all the tests the wake and bow wave significant heights 
were reduced. Looking at all the wake wave spectra for 
the no drift and drift conditions, in all cases during the 
drifting mode the high frequency components of the wake 
Spectra were reduced, in some instances quite drastically. 
A check of the group velocity of the high frequency waves 
ruled out the possibility that the model, since it was 
moving, reduced the reflected wave build-up. Its speed of 
advance was just too low to be of any consequence. Also 
it would be expected that the wake ah eddies around and = 
Beiind the moving hull would affect the higher frequency 
components of the input the most. It was noticed too, ~ 
that the spectral peaks of all the wave spectra were re- 
duced, but not by as much as the secondary high frequency 


‘peaks. 


24 


All the roll responce seececta tor the 7zero ide rit 
case showed a huleia peak at the natural period of roll 
(roll is finely tuned), but once the model was moving all 
these peaks were cut significantly verifying the flatten- 
ane of the response amplitude operator curve. The second- 
ary peak near heave resonance was present in the zero 
drift case as on the response operator, but in the 2.03 
knot drift case the high frequency response increased, for 
the 20 and 25 knot sea stateS, Opposite to the regular seas 
result. Of course much depends upon the shape of the input 
Spectra and perhaps in these tests the wake probe alone 


was not enough to determine a valid input. 


‘The only case that fit the hypothesis well was the 
30 knot sea state test. The significant roll values 
showed a definite reduction, and the resonant component also 
decreased tremendously when the model drifted. This case 
fell out so well because the peak excitation for the 30 


maot Sea State was near the natural roll frequency. 


The bending moment in beam seas showed a marked 
reduction in magnitude over the none seas condition. 
There were a few Spikes in the beam seas data, but these 
appeared to be a result of waves slamming into the hull 
when rolled away from the seas and from the model being 
pusned and jerked around while fixed rigidly 


meave rods. 
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~ CONCLUSIONS AND RECOMMENDATIONS 


Based on the significant roll response reductions 
obtained in regular seas and in the 30 knot sea state 
around the region of roll resonance, it is believed that 
the drift does have some effect on roll. The exact reason 
for this is still not known awa ean not be known without 
further experimentation, but it seems to have to do pri- 
“marily with some type of damping effect. When the model 
was being tested in regular seas no reduction in the excita- 
tion was noticed with the model drifting, yet at the same 
time there was a drastic drop in roll response at resonance. 
The way that the response operator for the drifting mode 
flattened out (the resonance peak, the heave-induced peak, 
and the dip at the longer wave nengene” all became less) 
seems to imply that the roll is being damped in some manner. 
The reduction in the resonance peaks in the roll spectra 
also seems to bear this out. There just does not appear to 
be enough of a reduction in the excitation to cause the 
response to drop so much. Perhaps the flow patterns around 
the hull are modified in a beneficial manner or the wake is 
affecting the roll damping wave train in a way So as to 
decrease roll. Of course, if the roll damping wave was 


affected, why wasn't the heave wave also affected? 
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The bending moment results were satisfactory. It 
was seen that the vertical bending moment in beam seas 


was quite a bit less than that in head seas. 


If any future tests of this type are to be run, it 
will be necessary to conduct them in a much wider towing 
tank to eliminate the interference caused by the small 
Space Kedueca ne model and the tank, and the tank walls. 
Ideally, the tank should also be gquite long and the model 
positioned as far from the wavemaker as possible to elim- 
inate the effect of reflected waves. Short runs would also 
solve the reflected wave problem. It was felt that the 
validity of this experiment was partially compromised by all 
the odd wave effects up and down the tank and around the 
model, so something must be done to see if this is a valid 
complaint. Tests in higher sea states would also be de- 
Sired. Since significant roll attenuation was first 
noticed in the 30 knot sea state, it would be interesting 
to see if this is continued into the more severe seas. 
After all, the purpose of the tests is to see how much a 


ship does roll in seas which could split it in half. 
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APPENDIX A 


SHIP AND MODEL PRINCIPAL DIMENSIONS 


Ship: Amertean Racer 


Scale Ratio: 96:1 


Model Sia 
LOA 5.56 ft. 534.0 £t. 
LBP 5.28 ft. 507.6 ft. 
Beam 0.781 ft. 75.1 ft. 
Depth 0.443 ft. 42.5 ft. 
Draft 0.281 ft. 28.0 ft. 
Dabsjedls 41.806 lbs. 16,510 tons 
e 0.578 0.578 
Coy 0.588 0.588 
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APPENDIX D. 


DETERMINATION OF THE NATURAL PERIOD OF ROLL 


BeCauscsOtrreront el Oading CeOnGditionc wilt aitect the 
natural roll period of the actual ship, only an approximate 
figure was desired for the roll period. The following 


approximation for undamped roll was used: 


1, LO8k 


esl /GM 





where k is the transverse radius of gyration 


A value for k equal to 0.40B, where B = the beam of the 
ship, was felt to be accurate enough for this experiment. 


Bubstituting 75.1 feet for B: 


k = 30 ft. 


No data pertaining tothe GM of the Amertcan Racer 
could be found so a GM = 5.5 feet for a Mariner class ship 
was substituted. The ships are reasonably similar, and as 
mentioned above, different loading conditions obviated a 


eeorrect” roll period. 
SUbStEPEMGErnG ; 


) eaige) (30) 
Feoll ae 
v5.5 


= 14.3 seconds 
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For the model: 


The damped natural roll period of the model was made 
to match this figure by shifting ballast. It was felt that 
1.44 seconds or 14.3 seconds full scale approximated to an 
acceptable degree seevpucal= rol ljperied for suchas 
type. Damping was not taken into account because approxi- 
Mate roll scaling was felt to satisfy the experimental 


requirements. 
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MODEL TEST PROGRAM 
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GRAPHICAL PRESENTATION OF RESULTS 
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